Assignments are made between theory and experiment of corresponding levels in 26 Mg levels based on energies, lifetimes, branching ratios, electron scattering form factors, and reduced electromagnetic transition strengths. Results based on the new sd-shell interactions USDA (universal sd-shell interaction A) and USDB (universal sd-shell interaction B), as well as the older USD interaction, are compared.
I. INTRODUCTION
Two new interactions, universal sd-shell interaction A (USDA) and universal sd-shell interaction B (USDB) [1] , have recently been obtained from fits of 63 two-body matrix elements and 3 single-particle energies to more than 608 binding energies and energy levels for the sd-shell nuclei from A = 16 to A = 40. The energy data set used for USDA and USDB was updated from the one used 25 years ago to obtain the USD interaction based on 47 linear combinations of parameters fitted to 447 energy data with a rms deviation of 150 keV [2] . The energy data have been improved and extended, in particular with more recent data for the neutronrich sd-shell nuclei. As a consequence the main change from USD to USDA/B in terms of energies of low-lying states involved the most neutron-rich nuclei, and in particular features related to the position of the neutron 0d 3/2 singleparticle state around 24 O. The new interactions are used for configuration-interaction calculations involving the 0d 5/2 , 0d 3/2 , and 1s 1/2 active orbitals for protons and neutrons. For USDA 30 linear combinations of one-and two-body matrix elements were varied, with the remaining 36 linear combinations fixed at values of a renormalized G matrix, with a resulting rms deviation between experimental and theoretical energies of 170 keV. For USDB, 56 linear combinations were varied with 10 fixed at the G-matrix values and with an improved rms deviation of 130 keV. Binding energies and energy levels for all sd-shell nuclei are shown in Ref. [3] and compared with experiment where available.
In recent work [4] extensive comparisons of observables for the low-lying states of many sd-shell nuclei have been made with the results based on the interactions USDA, USDB, and USD. Our goal in this article is to test these Hamiltonians for observables that go to high excitation energy, and for this purpose we choose 26 Mg, a nucleus near the middle of the sd-shell. The object is to see to what extent and to what excitation energy experimental states can be associated with states calculated in the sd-shell basis. Rates for the astrophysical rapid-proton-capture process depend upon calculations of γ widths for levels near the proton decay thresholds [5, 6] . This study provides an example of the applicability and the accuracy of calculations limited to the sd shell.
Previous studies of 26 Mg have made extensive comparisons of predictions for the older USD interaction to data on 24 Mg(p,t) 26 Mg [7] and high-spin states [8] . Our results are consistent with the level associations made in these works, but add much more in terms of comparison with the more recently derived interactions and in terms of more recent experimental work especially in regard to data on inelastic excitation.
For the calculation of electromagnetic transition strengths and electron scattering form factors, harmonic oscillator radial wave functions with b = 1.769 fm andhω = 13.260 MeV have been used, and effective charges and g factors have been obtained from fits to large numbers of data (moments as well as transitions) in Ref. [4] , unless stated otherwise.
II. COMPARISON OF ENERGIES AND LIFETIMES OF LEVELS
In Tables I and II measured energies and half-lives of 26 Mg levels from Ref. [9] are compared with theoretical values. Only the energies for USDB are included, whereas the half-lives for the interactions USDA and USD are also included. The experimental energies in Tables I and II are compared with the USDB energies in Fig. 1 . A significant parameter to consider when assigning theoretical levels to experimental ones, in addition to energy, is the level lifetime. Where a definite association has not been made, or the spin/parity of the level is uncertain, the experimental energy is left blank. Spin/parity indications are only given in the experimental column where there is some uncertainty about the assignment. The first negative parity level (not included in Table I ) is the 3 − state at 6.876 MeV.
All experimental positive parity states up to 8 MeV are included in Table I The half-lives are based on calculations of all possible decays from a given level (M1 and E2) and were calculated with the programs NuShell and DENS [3] . Effective g factors and charges determined from least-square fits to a large number of data (moments as well as transitions) have been used [4] . The calculated half-lives are based on the theoretical energy levels for the electromagnetic phase-space factors. In most cases the differences obtained if experimental energies were used would be 10% or less. Up to about 7 MeV there is a good correspondence generally between experimental and calculated half-lives, and where there are only upper limits for experiment, the theory values lie within the limits. The 26 Mg-continuation of Table I . values means that the experimental value for this transition might be used as a constraint in a global fit to the effective Hamiltonian. This together with the constraints from low-lying GT and M1 matrix elements as pointed out in Ref. [4] might in the future be used to obtain a more precise empirical sd-shell Hamiltonian. Table I ).
A comparison of calculated branching ratios with values from Ref. [9] reveals that in general there is a reasonable correspondence in terms of which branches are dominant. The branching ratios for the different interactions mostly differ by a few percent. For the predicted 1 For the first five 3 + states there is good to reasonable agreement for branching ratios. In Table I Table I the branching ratios agree very well. The third state at 8.444 MeV (USDB) has not been matched. For the next two states at experimental energies of 9.064 and 9.541 MeV, the branching ratio agreement is excellent in the case of the former state, but only reasonable for the latter. Higher states are not matched. For the first three 6 + states in Table I the agreement for the branching ratios is very good. For the fourth state at an experimental energy of 9.383 MeV the agreement is fair, and for the fifth state at 9.989 MeV the agreement is good. For the experimental assignment at 9.829 MeV of (5,7)
+ we suggest a 7 + state-the branching ratio agreement is very good for the different interactions, which supports our assignment.
III. COMPARISON WITH FORM FACTORS FROM ELECTRON SCATTERING
Inelastic electron scattering to excited states in 26 Mg is one of the key methods in making associations between experimental and theoretical energy levels. In the following sections we consider available electron scattering data for states of various spins. Details of the form factor calculations are given in Ref. [10] for E2 and E4 and in Ref. [11] for M1, M3, and M5. For E2 and E4 we use the Tassie-model form factor for the core-polarization contribution [10] . For these multipoles the shape and the experimental and theoretical form factors are similar up through the first minimum. Thus for making comparisons between experimental and theoretical strengths is it practical to compare the magnitude of the first maximum in the respective form factors. The error bars are generally small and only indicated if significant.
For E0 transitions to excited 0 + states the calculated form factors have a completely different shape compared to that of the experimental form factors [12] . The matrix elements of the first term in the expansion of the operator i j 0 (qr i ) [proportional to i (q r i ) 0 = 1] is zero because the wave functions are orthogonal. The second term in the expansion [proportional to i (q r i ) 2 ] has matrix elements that are zero with oscillator radial wave functions and are small with Woods-Saxon or Hartree-Fock radial wave functions [12] . The shape of the theoretical form factor at low q up to the peak of 034301-4 the first maximum is completely determined from transitions between orbitals outside the sd shell (such as the 0d to 1d orbitals discussed in Ref. [12] ) arising from core polarization. We do not consider E0 form factors in this work.
A. Scattering to 3 + states
Electron scattering from the 0 + ground state of 26 Mg to 3 + states has provided assignments of several new 3 + states. Form factors and a set of B(M3) values are given in Refs. [13] and [14] . (An eighth 3 + state was assigned to an observed level at 9.042 MeV in Ref. [13] , but an assignment of 2 − was made for this state in Ref. [14] .)
The magnitudes of the first maxima of the transverse form factors are compared in Fig. 3 with values from the new interactions USDA and USDB, as well as with the USD interaction, using free-nucleon g factors. The vertical bins serve as a guide to the eye. For the first seven states, up to 9 MeV, it is evident that there is an unambiguous correspondence between experiment and theory. These states have been included in Table II . Above 9 MeV the calculated M3 strength is small and it is evident that some of the states predicted are too weak to be observed experimentally. It was claimed in Ref. [13] that no overall quenching in the B(M3) strength had been found. However, because we have used free-nucleon g factors it is evident from Fig. 3 that there is some quenching at the peak of the first maximum in the M3 form factors. The quenching factors for the summed strength are given, respectively, by 0.73 (USDA), 0.69 (USDB), and 0.76 (USD).
B. Scattering to 5
+ states
Electron scattering from the 0 + ground state of 26 Mg to 5 + states is considered next. The magnitudes of the first maxima of the transverse form factors from Ref. [14] are compared in Fig. 4 with values calculated from the three interactions. Free-nucleon g factors were used. The experimental peaks at 6.978, 9.064, and 9.541 MeV have counterparts in the shell-model calculations. The experimental strength for the 9.541 MeV has a large error and is not in disagreement with the small theoretical value. The two states predicted by theory around 7.4 and 8.4 MeV are presumably too weak to be observed experimentally. The first might be associated with the observed 5 + state at 7.395 [9] on the grounds of similar energies. 10 6 ) with values from the interactions USDA, USDB, and USD.
IV. COMPARISON OF REDUCED TRANSITION STRENGTHS
A. Results for B(M1) strengths for excitation of 1 + states B(σ ) values have been extracted for (p,p ) scattering cross sections from the ground state of 26 Mg to 1 + states up to about 15 MeV excitation [15] . B(σ ) corresponds to the B(M1) reduced transition strength with the orbital contributions neglected. The qualitative proportionality between B(σ ) and (p,p ) cross sections is due to the dominance of the σ τ part of the nucleon-nucleon interaction for proton energies around 200 MeV [16] . This proportionality is not better than about 20% because the cross sections also depend on the smaller central σ , spin-orbit, and tensor parts of the interaction, because of exchange contributions [16] and because of distortion (e.g., the interaction is dominated by the surface part of the transition density). Thus the comparison between experimental and theoretical B(σ ) values may be influenced by these factors and must be made on a qualitative level.
The B(σ ) values are shown in Fig. 5 . For the 13.33 MeV excitation there is an obvious correspondence with the shell-model counterparts. However, there are numerous small theoretical values above about 11.5 MeV, and also several below about 8.5 MeV, that can easily escape detection experimentally. Some of the stronger theoretical excitations differ in energy and magnitude, making it difficult to make associations with experiment. Comparisons with B(M2) strengths extracted from (γ,γ ) [Ref. [17] , (Exp1); Ref. [18] , (Exp2)] and (e,e ) reactions [19] are given in Fig. 6 . It is noticeable that there are some large discrepancies in magnitude between the (e,e ) and (γ,γ ) values, with the (γ,γ ) values consistently reduced with respect to the (e,e ) values. The two (γ,γ ) sets agree well except that the B(M1) value at 10.65 MeV for the Exp1 set is slightly larger than that for the Exp2 set. The 13.33 MeV state excitation for (e,e ) corresponds to the 13.31 T = 2 state of USDB, with very similar energies for USDA and USD. Again there are many small theory values above about 11 MeV that would be difficult to see experimentally. The 11.2 MeV state for (e,e ) appears to correspond to the 11.46 MeV state for USDB, with slightly different energies for USDA and USD. The strong excitation at 10.65 MeV for both (e,e ) and (γ,γ ), but with rather different magnitudes, would correspond to the 10.52 MeV state in USDB, and with similar energies for USDA and USD. The next strong excitation at 10.2 MeV for both (e,e ) and (γ,γ ) evidently corresponds to the 10.06 MeV state for USDB, with a similar energy for USDA and a slightly higher energy for USD (10.28 MeV). There are two confirmed 1 + states in this energy region listed in Ref. [9] , at 10.148 MeV and at 10.319 MeV, and this excitation could be associated with either of these. The excitation of a state observed at 9.67 MeV for (e,e ) has no counterpart for (γ,γ ), and vice versa for a state observed at 9.56 MeV for (γ,γ ); therefore no conclusions can be drawn in these cases. The state observed at 9.24 MeV probably corresponds to the 9.33 MeV state for USDB, with a similar energy for USDA. The small excitations for (e,e ) at 8.52 MeV and for (γ,γ ) at 8.23 MeV do not seem to have obvious counterparts with theory. The suggested correspondences are included in Table II .
The comparison of B(σ ) and B(M1) can provide information on the orbital part of the transitions and mesonic-exchange currents [20] [21] [22] . Because the extraction of B(σ ) from proton scattering cross sections is not exact, and the B(M1) values depend upon mesonic-exchange currents that are contained in the effective g factors [20] , this comparison is beyond the scope of the present work.
B. Results for B(E2) strengths for excitation of 2 + states
Comparisons of B(E2) values from Ref. [14] are given in Fig. 7 with values from the three interactions. Optimal effective charges based on the fits in Ref. [4] have been used ( e p = 0.36, e n = 0.45). Note that the B(E2) value of the first excitation to the 2 + state at 1.809 MeV should be multiplied by a factor of 20. A good correspondence can be seen between theory and experiment for the first 9 states; High-precision measurements of the half-life and β-branching ratios for the β − decay of 26 Na to 26 Mg have been made in β-counting and γ -decay experiments, respectively [23] . B(GT) values for decays from the 3 + ground state of 26 Na to 2 + , 3 + , and 4 + states were extracted from the ft values determined and are compared with the different interactions in Fig. 9 . We used effective operators for the calculated Gamow-Teller matrix elements with q GT given in Ref. [4] . There is a good general correspondence between theory and experiment, with USDA giving the best overall agreement.
VI. CONCLUSIONS
Using the new sd-shell interactions USDA and USDB, as well as the older USD interaction, assignments between theory and experiment of corresponding levels in 26 Mg levels have been confirmed and new ones suggested. A comprehensive summary of corresponding levels is given in tables and graphs. Excitation energies up to about 10 MeV have been considered, and in some cases even higher energies, based on electron scattering data and electromagnetic transition strengths. Level lifetimes based on the detailed γ -decay transition schemes have also been provided. We have been able to make the association of theoretical levels to about 50 experimental levels. All (21) experimental positive parity states up to 7.1 MeV have a good match with theory. The first level not described by the sd-shell appears to be the 7.200 MeV (0,1) + state. Above 7 MeV many other experimental states can be associated with the sd-shell theory on the basis of comparison to inelastic scattering experiments. The complete set of theoretical states is given up to 10 MeV but many above 8 MeV cannot be associated with experiment due to the uncertainties in the experimental spin-parity assignments as well as the fact that many of the observed states may not be described by sd-shell configurations. Overall the new interactions USDA and USDB are better than USD with regard to detailed comparison with data. The differences between USDA and USDB appear to provide a reasonable estimate of the theoretical error in predicting the observables and we recommend that they both be used for future comparison to experiment and astrophysical applications.
